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ABSTRACT
Development of an efficient compressor for many compressor applications relies on the success of achieving
isothermal compression. Isothermal compression calls for a significantly higher heat transfer rate during the
compression process. A high surface area for heat transfer and a high heat transfer coefficient of aqueous foam can be
useful in achieving a significantly higher heat transfer rate in the compression chamber. In this experimental study, an
aqueous foam based heat transfer is investigated in a liquid piston compressor. It was observed that the use of aqueous
foam in the compression chamber is very effective in reducing the temperature of air during the compression process.
A higher volume of aqueous foam in the compression chamber leads to a further increment in isothermal efficiency,
however, with a higher variability. The higher variability is due to the higher cyclic variability of the temperature
profiles during compression. A completely filled compression chamber with aqueous foam shows a 4-8%
improvement in the compression efficiency for a compression ratio of 2.5.

1. INTRODUCTION
In a typical compressor application, the energy costs for the compressor operation contribute to a significant share of
the overall life-cycle cost. Improvements in the energy efficiency of compressed air systems can result in a significant
amount of energy savings (Mousavi, Kara, & Kornfeld, 2014). Development of an efficient compressor would lead
to an energy efficient and economical compressed air system. Compressed air energy storage systems have a great
potential to serve as large-scale energy storage systems. Compressors and expanders are the key components in
compressed air energy storage plants (Patil & Ro, 2017). An efficient compressor is desired to achieve a high roundtrip
efficiency of the compressed air energy storage system. Development of an efficient compressor would make
compressed air energy storage systems viable and economical (Patil and Ro, 2018). Such efficient compressed air
energy storage systems on a broader view facilitate effective utilization of intermittent renewable energy sources.
Isothermal compression results in an efficient compression due to the minimum work input associated with the
isothermal process. Recently, the compression of gas using a column of high pressured liquid as a piston (also called
liquid piston) has shown a better performance in achieving near-isothermal gas compression (Van de Ven et al., 2009).
The liquid piston can achieve a near-isothermal compression due to a higher heat transfer rate during gas compression.
The increased heat transfer is achieved by increasing the surface area to volume ratio in the compression chamber.
Clearly, efficient heat transfer plays an important role in achieving a near-isothermal compression and thereby,
improving the efficiency of compression using the liquid piston. For the isothermal compression, instantaneous rate
of heat transfer should be equal to the instantaneous mechanical power to the compressor (Török et al. 2013). In
general, the mechanical power to the compressor is significantly higher than the instantaneous rate of heat transfer.
This results in a near-adiabatic process in the compressors. Heidari et al., (2014) presented a gradual roadmap from
the adiabatic towards isothermal conditions from a thermodynamics and heat transfer point of view. It was observed
that convective heat transfer coefficient and area of heat transfer should be increased drastically to achieve the nearisothermal compression.
Aqueous foam has a large two-phase contact surface which allows it to be used as a coolant. In comparison to singlephase coolants, aqueous foams provide a relatively large heat transfer rate, smaller coolant mass flow rate, and low
energy consumption in delivering it to the region of heat transfer (Gylys et al., 2007). Heat transfer intensity and its
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dependency on flow velocity, volumetric void fraction of aqueous foam in various heat exchanger geometries has
been carried out by Gylys et al. (2008). Their experimental investigation of the staggered tube bundle heat transfer to
the vertical upward and downward aqueous foam flow showed a much higher heat transfer intensity (25 to 100 times
higher) than that for a one-phase airflow with the same flow velocity. Tseng et al., (2006) experimentally investigated
the rheology and convective heat transfer of microfoams in horizontal mini-channels. They observed that microfoams
made up of a water-surfactant showed a lower heat transfer coefficient than water due to reduced specific heat and
thermal conductivity of foam compared to water. However, specific heat and thermal conductivity of microfoams are
higher than air which results in a higher heat transfer coefficient of microfoams compared to air. Therefore, the high
surface area of heat transfer in combination with a high heat transfer coefficient of aqueous foam produces a
significantly higher heat transfer rate with aqueous foam.
The aqueous foam in the compressor chamber can enhance heat transfer characteristics and thus improve the efficiency
of the compressor. In this study, aqueous foam based heat transfer is experimentally tested in the liquid piston
compressor. The experiment results with and without foam in the compression chamber are presented. The isothermal
efficiency of the compressor with the use of aqueous foam of different volumes and characteristics is evaluated based
on experimental results.

2. EXPERIMENTAL PROCEDURE
2.1 Liquid Piston Compressor Setup
A table-top liquid piston compressor setup shown in Figure 1 is used for the experiments. It comprises of a
compression chamber, hydraulic pump, solenoid valves, a controller, a Data Acquisition (DAQ) system, pneumatic
cylinder, a pressure transducer and a thermocouple. The compressor chamber is immersed in a water container. This
enhances the heat transfer from the chamber to the surrounding water. The water in the container also provides a large
heat sink during the continuous operation of the compressor. The inlet and outlet valves are connected to the chamber
on the top. A reciprocating hydraulic pump is used to control the supply of water (liquid piston) inside the compression
chamber. The hydraulic pump is operated through a pneumatic cylinder by controlling the supply of a high-pressure
air source. A controller is used to control operation of inlet and outlet valves connected to compression chamber and
supply of air to the pneumatic cylinder. A pressure transducer is installed at the top of the compression chamber to
measure the instantaneous pressure of the air during the compression process. A K-type thermocouple of 40 gauge
diameter was placed in the compression chamber to measure the instantaneous temperature of the air. A LabVIEW
program was used to program the operation of solenoid valves and motion of liquid piston using the hydraulic pump.
Instantaneous pressure and temperature data during compression cycles are recorded using data acquisition device
through LabVIEW program.

Figure 1: Experimental Setup of Liquid piston compressor
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Figure 2: Aqueous Foam Generator

Figure 3: Compression chamber with Aqueous Foam

2.2 Aqueous Foam Generation Setup
An aqueous foam generator was designed to create the foam in the compressor chamber. Figure 2 shows a model
design of the foam generator. The hollow surfactant reservoir contained the surfactant solution. An equal number of
holes with constant diameter were created on the top surface of the foam generator. The foam is generated through
the holes by air coming from the air source connector via the surfactant solution. A number of chamber fixtures are
attached to facilitate an easy attachment of the foam generator to the bottom of the compression chamber.
To facilitate visualization of foam during the compression process, a transparent polycarbonate compression chamber
was used in the experimental setup shown in Figure 3 along with the foam generator. The amount of foam inside the
compression chamber can be controlled with a supply of air passed through the foam generator. The flow rate of the
air source can be varied to generate foam with different bubble characteristics. It was observed that a higher flow rate
of air produced foam with larger bubble diameters compared to a lower flow rate. An air flowmeter was used to
measure the volumetric air flowrate required for generating the amount of foam.

2.3 Experimental Cases
Compression of air is tested with and without foam for a compression ratio of about 2.5. All the experiments are
performed for the stroke time of compression around 4.2s - 4.4s. A general dishwasher surfactant (DAWN Ultra of
P&G) is used to produce a surfactant solution. The foam is generated before the start of compression cycle by flowing
air through the foam generator at atmospheric chamber pressure. No additional foam is generated during the
compression process.
In the first set of experiments with the foam, the amount of aqueous foam inside the compression chamber is varied.
These experiments are performed to investigate the influence of volume of aqueous foam in the compression chamber
on compression efficiency. Three cases with the aqueous foam filled approximately to 25% of the chamber, 50% of
the chamber and fully filler chamber were tested. The air source flow rate of 1.5 L/min is used to generate aqueous
foam in these set of experiments.
Next, the flow rate of air source is varied to study the effect of variation in bubble characteristics on the compression
efficiency. The flow rates of air source of about 0.4 L/min, 1.5 L/min, and 3 L/min are used to generate the foam of
different bubble diameters. A completely filled compression chamber with aqueous foam is tested in these set of
experiments. Experiments are repeated a number of times to confirm the repeatability and to evaluate the variability
in the results.
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3. RESULTS AND DISCUSSION
3.1 Stability of Aqueous Foam during Compression
The aqueous foam in the compression chamber is exposed to high-pressure high-temperature conditions during the
compression process. The bubbles in the aqueous foam collapse, change their shape and size at high-pressure hightemperature conditions. Figure 4 (a)-(f) show the dynamics of aqueous foam during a compression process from the
start to the end of compression. At the start of compression, the aqueous foam is filled in the compression chamber.
As compression proceeds, the liquid piston moves upwards reducing the volume of chamber resulting in a rise in
pressure and temperature. The volume of aqueous foam decreases as the liquid piston moves upwards due to the
collapse of bubbles at a higher pressure. However, these bubbles absorb a significant amount of heat before their
collapse and help to achieve the temperature drop. The collapse of top layer bubbles of foam exposes the bubbles
below it to the hot air. This results in exposure of a large number of bubbles in the foam to absorption of heat from
the air. Therefore, the collapse of bubbles helps in achieving a high rate of heat transfer with the use of aqueous foam.
The size of bubbles in the foam also decreases during the later phase of compression. Towards the end of compression
(at 4.37s), there is still a small amount of foam left in the chamber which did not collapse. As pressure and temperature
at the end of compression are not high enough to collapse these bubbles, the residual foam remains in the compression
chamber. This residual foam reduces the volumetric efficiency of compression. Clearly, the aqueous foam which
would fully collapse towards the end of compression should be generated at the start to avoid any residual foam in the
compression chamber.

3.2 Effect of Amount of Aqueous Foam in the Compression Chamber
Variation in the amount of aqueous foam inside the compression chamber is tested to study its effect on temperature
drop. The aqueous foam was filled with about 25% of chamber volume, 50% chamber volume, and fully filled in these
set of experiments. Figure 5 shows the temperature-pressure plots observed with these experiments for a compression
stroke. It is observed that the temperature of the air inside the compression chamber reduces with the use of aqueous
foam especially towards the latter part of the compression process. The higher amount of aqueous foam results in a
higher temperature drop. During the initial phase of the compression process, irrespective of the amount of aqueous
foam the temperature drop is very small. This can be attributed to lower temperature of air (lower temperature
difference) and lower collapse rate of bubbles in the foam at lower chamber pressure. The amount of aqueous foam
plays an important role in the temperature reduction during the latter part of compression. As compression proceeds,
the higher temperature of the air and a high chamber pressure help in achieving a high rate of heat transfer. This is
due to a higher temperature difference and the higher collapse rates of bubbles in the latter part of the compression
process.
For the calculation of isothermal efficiency, a polytropic index of compression (n) is evaluated to represent
compression process by fitting polytropic relation given by equation (1) through the experimental data.
(1n )
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where P is Pressure, T is Temperature and n is a polytropic index of compression.
The isothermal efficiency of compression for the polytropic process is evaluated using equation (2) (Zhang et al.,
2014).
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where Pr is compression pressure ratio.
Figure 6 shows the results of the isothermal efficiency of compression with aqueous foam of different volume in the
chamber. It is observed that the use of a higher amount of foam increases the isothermal efficiency of compression.
However, the use of higher amount of aqueous foam increases the variability in isothermal efficiency as well.
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(a) At time=0s

(b) At time=0.9s

(c) At time=1.8s

(d) At time=2.7s

(e) At time=3.6s

(f) At time=4.37s

Figure 4: Stability of aqueous foam during compression process in a liquid piston compressor
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Figure 5: Temperature-pressure plot with foam of
different volume in the chamber

Figure 6: Isothermal efficiency of compression with
foam of different volume in the chamber

3.3 Variability with the Use of Aqueous Foam
The temperature drop during the compression process depends on the characteristics of bubbles in the aqueous foam.
The aqueous foam generated using the same foam generation conditions may not result in exactly the same bubble
characteristics. Any variation in the characteristics of bubbles in the aqueous foam would lead to a different
temperature profile during the compression process. Figure 7 shows the temperature-pressure plots observed with
multiple compression cycles with the aqueous foam filled to about half the chamber volume. Similar plots for aqueous
foam filled with the full chamber are shown in Figure 8. It can be observed that the use of aqueous foam consistently
reduced the temperature of air in all the cycles but it is not certain that the same temperature profile would be observed
for different cycles. Comparison of Figure 8 with Figure 7 indicates that the cyclic variability increases with increase
in the amount of aqueous foam in the chamber. The higher amount of aqueous foam has a larger variation in the
bubbles characteristics. This results in a higher variability in temperature plots with the use of a higher amount of
aqueous foam.

Figure 7: Temperature-pressure plot of multiple cycles
with about half of the chamber with aqueous foam

Figure 8: Temperature-pressure plot of multiple cycles
with full chamber with aqueous foam
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(a) Using 0.4 L/min

(b) Using 1.5 L/min

(c) Using 3.0 L/min

Figure 9: Aqueous foam generated using different flow rates of air source.

3.4 Effect of Air Flow Rate of Aqueous Foam Generation
Aqueous foam of different bubble characteristics can be generated by varying the flow rate of the air source used to
generate foam. The air flow rates of about 0.4 L/min, 1.5 L/min and 3.0 L/min are tested for the generation of aqueous
foam. Figure 9-(a), 9-(b) and 9-(c) shows the pictures of aqueous foam generated with these flow rates in the
compression chamber. It is observed that at higher flow rates of air source, foam with larger bubble diameters are
generated compared to the foam generated with a lower flow rate of air source. Also, the flow rate of air source would
influence the volumetric void fraction of the foam. Figure 10 shows the temperature-pressure plots for a compression
cycle with these aqueous foams. It can be observed that the temperature profiles do not show a significant difference.

Figure 10: Temperature-pressure plot with aqueous
foam generated using different air source flow rate

Figure 11: Isothermal efficiency of compression with the
foam generated by various flow rates of air source.
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The isothermal efficiency of compression of aqueous foam generated with various flow rates are shown in Figure 11.
All the flow rates show the average isothermal efficiency of compression about 90-92%. However, the aqueous foam
generated with the higher flow rates shows higher variability in isothermal efficiency. Again, this is due to a higher
cyclic variability in the temperature profile observed with the use of aqueous foam generated by the higher flow rate.
Overall, the use of aqueous foam leads to a 4-8% improvement in isothermal efficiency of compression.

4. CONCLUSIONS
Aqueous foam based heat transfer is experimentally investigated in a liquid piston compressor. It is observed that
aqueous foam is very effective in reducing the temperature of air during compression. The temperature drop increases
with increasing the amount of aqueous foam used in the compression chamber. For the compression chamber
completely filled with the aqueous foam, a temperature drop of 7-20 K is observed towards the end of compression
stroke for a compression ratio of 2.5. A higher amount of aqueous foam in the chamber results in a higher cyclic
variability. Further, experiments with the aqueous foam generated using different flow rates of air source show that
the higher flow rates of air source resulted in a higher variability in isothermal efficiency. Overall, the aqueous foam
fully filled in the compression chamber showed a 4-8% improvement in the isothermal efficiency of compression over
the base efficiency of 86% for a liquid piston compressor. Further investigations are needed to address the challenges
of a high cyclic variability and the accumulation of residual foam over the continuous operation for the effective use
of aqueous foam in compressors. Also, the effect of different surfactant solutions on the generation, collapse and heat
transfer of aqueous foam can be studied further to evaluate an effective surfactant solution for optimal utilization of
aqueous foam.

NOMENCLATURE
P
T
n
Pr

C

pressure
temperature
polytropic index of compression
pressure ratio of compression
isothermal efficiency of compression

(N/m2)
(K)
(–)
(–)
(%)
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